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Abstract 
Energy harvesting is an increasingly important capability for a lot of applications. It can be used in biomedical implants 
but also in other embedded systems. An energy harvesting device needs a functional and efficient power management. 
Because of the low energy yield it is important to store the harvested energy until enough power is available to accom-
plish a task like sending data outside the human body. Therefore Li-ion batteries and capacitors are used in this work. 
Furthermore a typical arrangement of an efficient energy harvesting circuit is discussed and tested. 
 
1 Introduction 
Power management in Energy Harvesting Devices for use 
in human bodies needs to meet ambitious requirements. 
Thus long term stability is as important as energy self-
sufficiency and implantability of applied biosensors. Ener-
gy harvesting manifests several non-idealities, such as 
power fragmentation, inefficiency of energy storage ele-
ments and unpredictability [1].  
1.1 Component requirements 
As a result of smaller components and lower energy con-
sumption, particular attention is paid to microprocessors 
and A/D converters. Due to more efficient DC/DC con-
verters and a higher energy density of lithium ion batteries 
named aims can be achieved. The operating conditions of 
the harvester and its state are essential criteria for the pow-
er management [1].  
1.2 Power management 
Nevertheless it is essential to store energy on account of 
the low power delivered by the energy harvester. Once the 
available energy is sufficient, the desired task can be ac-
complished. Furthermore it will be illustrated how harvest-
ing aware power management can be implemented. Also 
its improvements concerning conventional battery-based 
power management will be revealed.  
To reduce the consumption of energy, as many compo-
nents of the device as possible should be turned off if not 
needed. The mean energy consumption of each component 
then decreases to: 
P୫ୣୟ୬ ൌ P	 t୭୬t୭୬ ൅ t୭୤୤ 
(P – Power of the device, t – time) 
1.3 Determination of state of charge 
It’s important that the devices which need the most power 
only get activated if the energy storage is fully charged or 
when enough energy is available. To get the state of 
charge (SOC) of a battery, different methods are available 
[2].  
The method of Coulomb-Counting is among the most ac-
curate procedures to estimate the SOC. Measuring the 
charge flow directly is the basic concept, so the remaining 
capacity in a battery can be accumulated over time. 
Therefore the charging and discharging current need to be 
quantified [3].  
Qሺtሻ ൌ Qሺt଴ሻ ൅ න Iሺtሻdt
୲
୲బ
 
Usually the current is measured as a voltage drop over a 
highly precise and very low-ohmic resistor, also known as 
current shunt. The down side to this method is the rela-
tively high power consumption of the device.  
Also the approach through measuring the voltage of the 
battery and comparing it to the charge/discharge-
characteristics can be used for detecting the SOC. The cell 
characteristics are provided by the producers, so they can 
be implemented as a look up table in a microprocessor 
(MCU) [4]. 
2 Materials and Methods 
In order to actuate the power management system the ul-
tra-low power MCU MSP430 G2553 (Texas Instruments) 
supplied by the boost converter and battery charger 
BQ25504 (Texas Instruments) is used in this work. For 
testing purposes Li-ion batteries from the Cymbet Corpo-
ration and Seiko Instruments were applied (see 2.3). The 
types of batteries have different charge voltages, so all 
threshold voltages need to be changed dynamically.  
The SOC estimation in our device is realized by comparing 
the voltage of the battery with a threshold voltage. If the 
battery voltage exceeds this mark, it is assumed that 
enough energy is available for the most power consuming 
task. 
We use a voltage controlled oscillator (VCO) to simulate a 
power consumer. Via the VCO UART (Universal Asyn-
chronous Receiver Transmitter) bits are sent wirelessly us-
ing frequency modulation. 4 bytes (44 bit including parity, 
start and stop bit) are sent together when the battery is ful-
ly charged. The Spectrum Analyzer E7401A (Hewlett 
Packard) is used as receiver.  
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Figure 2: Physical board – The BQ25504 is mounted 
on the green adapter, the MSP430 G2553 is in the 
middle of the board 
2.1 Charger & Protector BQ25504 
The BQ25504 (Texas Instruments) is a tiny boost con-
verter and battery charger for ultra-low power energy har-
vesting applications (3.15 mm x 3.15 mm x 1 mm).  This 
device is able to boost low voltages in the range from mil-
livolt (80 mV) to Volt (3 V). The charge and cutoff volt-
ages are programmable by external resistors [5]. 
2.2 Microprocessor MSP430 G2553 
The main function of the ultra-low power Microcontroller 
MSP430 G2553 (Texas Instruments) is performing peri-
odic tasks like activating the different components and 
evaluating the results of them. The MCU remains mostly 
in low power mode 3 which means the CPU and the 
clocks are disabled, except a very-low-power low-
frequency oscillator (4 – 20 kHz), which wakes up the 
CPU in specific periods.  
In that mode the MCU consumes about 500 to 700 nA 
[6]. This device is the only one in the circuit which con-
sumes energy continuously and may not be turned off. 
2.3 Storage elements 
For storing the harvested energy we use batteries from 
Seiko Instruments and Cymbet Corporation. In addition 
we use a capacitor (XH311HG) from Seiko Instruments 
(see Table 1). 
 
Table 1: Available storage elements 
Company Type Capacity 
Seiko MS412FE 1 mAh 
Seiko MS920SE 11 mAh 
Cymbet CBC012 12 µAh 
Cymbet  CBC050 50 µAh 
Seiko XH311HG 20 mF ≈ 6.5 µAh 
2.4 Voltage comparison 
The SOC is estimated by a simple comparison operation 
with a fixed voltage threshold executed by the MCU (see 
Figure 3). For this comparison a reference element is 
needed. We use the MAX6376 (Maxim) which is a com-
parator with a built in factory-trimmed reference voltage 
[7]. Additionally a voltage divider followed by an opera-
tional amplifier is used for changing the threshold voltage 
level quickly.  
 
Figure 3: Battery Charge Characteristic of Seiko 
MS920SE (11mAh) – Dotted Line: possible threshold 
Voltage for estimating a full battery. The input voltage 
of the BQ25504 was 590 mV at a series resistor of 
47.126 Ω) 
2.5 Source of energy 
As a replacement for an energy harvesting device we use 
the DC power supply E3631A (Agilent Technologies). To 
limit the amount of energy provided by the power supply 
a series resistor is used. The voltage is measured behind 
the series resistor, so the input current and input power 
can be estimated. 
3 Results 
The following figure shows the characteristic of the 
BQ25504 when reaching the overvoltage of a battery. 
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Figure 1: Experimental setup - The switches are 
MOSFETs. 
Figure 4: On-Off Characteristic of BQ25504 - Over-
voltage is set so 3.12 V 
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When the battery voltage reaches the programmed over-
voltage, the BQ25504 stops charging the battery until the 
voltage decreases by 18 – 89 mV and then restarts charg-
ing [5]. This can also be seen at the decreasing input power 
(see Figure 7). 
3.1 Energy Consumption 
The following table gives an overview of the energy con-
sumption required by the components of the experimental 
setup. 
Table 2: Power Consumption at 3.1 V 
Device Power On/Off-
Time 
Energy Dissi-
pation per On-
Time 
BQ25504 3.1 µW 100 % --- 
MSP430 1.5 µW 100 % --- 
Comparator 
with Refer-
ence 
3.6 µW 12 ms / 
30s 
43.2 nJ 
FM Trans-
mitter 
6.5 mW 2.5 ms / 
---1 
16.3 µJ 
The power consumption of the BQ25504 was taken from 
the Datasheet [5] whereas the other values were measured 
using the Digital Multimeter 34401A (Agilent) at an input 
voltage of 3.1 V. 
3.2 Threshold power 
Due to the low efficiency of the BQ25504 the minimum 
threshold input power, for beginning charging the battery, 
was determined. The efficiency of the BQ25504 depends 
on the input current and voltage. With a given series re-
sistance (370.426 Ω) the input voltage was decreased until 
the battery drained power. Our results show a need of 415 
µW to charge the battery.  
3.3 Long-Term Tests 
A first long-term test was realized with no further device 
activated, but the BQ25504 for charging the CBC012 bat-
tery. In the beginning the input power was set to about 
380 µW. The series resistor was 370.426 Ω at an input 
voltage of 780 mV. 
                                                          
1 Depends on state of charge of battery 
 
Figure 5: Charging curve - The BQ25504 is not able to 
fully charge the battery. At the end the battery voltage 
is decreasing.  
The results (see Figure 5) show that after a time of ap-
proximately 8 hours, the voltage of the battery doesn’t 
increase but rather decreases slowly. Also the input power 
is slightly decreasing and the BQ25504 is taking energy 
from the source but cannot charge the battery with it. 
 
In another long-term test the module was tested at normal 
state. The input power was set to about 415 µW, the series 
resistor was 370.426 Ω at an input voltage of 830 mV. 
The battery CBC012 was used. 
 
Figure 6: Charging Curve – The input power is large 
enough to fully charge the battery and send data 
wirelessly. 
The following figure shows an excerpt of the voltage and 
input power when the threshold voltage is reached and 
data is transmitted via the VCO. 
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When the VCO is active, the voltage drops down by 300 
mV because of the large current needed for the device. 
For this short time, the battery was able to give the 
amount of power. 
The next figure shows the battery voltage after turning off 
the power source when the battery was fully charged. 
Figure 8: Battery voltage after switching off the power 
source. 1 – Time of switching off power source 
The device was able to send 54 messages (interval of 
30 s) until the threshold voltage was reached. After drop-
ping below the threshold voltage, the device stopped 
sending data. 
4 Conclusion 
In order to implement a biosensor in human bodies a dis-
crete circuitry, as used in this work, is too bulky. Highly 
integrated Micro-Electro-Mechanical Systems (MEMS) 
are state of the art entailing also lower power consumption 
and are more convenient for implanting in human bodies. 
Nevertheless we built a power management system to store 
the little amount of energy provided by a power source of 
415 µW. 
In further studies real energy harvesting devices should be 
used for testing purposes. With a specific energy harvest-
er, the boost converter could be improved to meet better 
efficiency. For real piezoelectric motion harvesters, the 
minimum input power of our power management should 
be divided by more than four [8]. Optimizing the Maxi-
mum Power Point Tracking, which can be configured to 
meet the harvesters’ characteristics, would be a good 
point to continue with. 
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Figure 7: Excerpt of the voltage and power curve - 1 
– Boost converter is turned off, Battery overvoltage 
reached; 2 – Boost converter is turned on, charging 
Battery; 3 – Comparator is turned on, Voltage ex-
ceeds threshold voltage, FM module is activated and 
data is transmitted. 
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